The lateral photovoltage (LP) generated in a two-dimensional electron gas (2DEG) by a focussed laser spot has been shown to yield the potential distribution of a current carrying Hall-bar. The width of this distribution, which exhibits an abrupt change at even integer filling factors, is determined by the equilibration between the bulk and the edge states of the 2DEG. The effects of an anisotropic surface morphology and sample dimensions are reported.
Introduction
The integer quantum Hall effect (QHE) continues to attract much attention, as it is one of the most striking properties displayed by a two-dimensional electron gas (2DEG) in high magnetic fields [1] . In the absence of disorder or interactions, the energy spectrum of the electrons would be completely discrete in unbound systems. The confining potential near sample boundaries, together with the disorder induced broadening of energy levels leads to a spatially inhomogeneous distribution of states of the 2DEG, with different electrical properties. Near boundaries, an alternating structure of compressible or metallic-like, and incompressible or insulating strips, is formed [2] . A great deal of effort has been spent on investigating this edge channels structure. The earliest works exploited the field-dependent birefringence of the substrate to determine the non-equilibrium potential distribution in the 2DEG [3, 4] . Later, a lateral photoelectric effect (LPE) was used for imaging [5] [6] [7] .
The advent and ever-increasing sophistication of purely electronic scanning probe microscopy (SPM) methods, have led in recent years to their extensive application for the edge channel problem. The instruments can be utilized in several modes of operation, like atomic force microscopy (AFM) [8, 9] , single electron tunnelling (SET) [10] and capacitance or subsurface charge accumulation [11] mode. As compared to the optical methods, the SPM techniques are unrivalled with respect to spatial resolution and therefore have generated a wealth of new information on a very microscopic scale. On the other hand, the QHE is really a bulk 2D phenomenon, occurring in arbitrary large samples. Therefore it remains of interest to study the effect on a large scale as well. The optical methods easily cope with a scale of mm, albeit at a poor resolution, whereas the SPM techniques are limited to the micron scale at best. Moreover, a comparison of independent optical and electronic-SPM techniques is also of interest to find possible influence of the probes itself. While both methods are non-invasive in the sense that they do not permanently affect the sample, they obviously do perturb the 2DEG. Actually, several modifications of the SPM techniques have recently emerged that exploit the local potential perturbation to the 2DEG for new spectroscopic and imaging techniques [12] [13] [14] .
In the present paper, we report the first detailed experimental data on the lateral photoelectric effect imaging for a nominally homogeneous sample. In the LPE, a focussed laserspot injects excess electrons locally in the 2DEG. The induced potential difference at two Ohmic contacts at the sample boundaries is measured while the spot may be scanned. In earlier reports, attention was given mainly to the LPE at a fixed magnetic field within a QH-region for a sample with [5] and without [6] applied density gradient. Recently, we reported a magneto-oscillatory phenomenon associated with the LPE from observing the field-dependence of the photo signal at fixed positions in the sample [15] . The data were explained from the variation of the electrical properties of the 2DEG with magnetic field, notably the screening. Some data on the spatial dependence of the photo signal were discussed in terms of a homogeneous conductivity parameter only, ignoring the edge channel structure. The edge channel structure was, however, briefly mentioned already since the data could not be fully explained with a homogeneous sample; particularly the asymmetry around a QH-plateau was noted [15] .
The origin of the LPE has been discussed in all existing works on this topic [5] [6] [7] 15] in a qualitative way only, due to the lack of a rigorous theoretical interpretation. In the present paper, we will argue that the LPE data are very closely related to the potential profile data of a current carrying Hall bar, an observation already made by Böhm et al [7] . A set of experiments under relatively simple conditions using the current-voltage reciprocity theorem is provided to support this view.
Very recently, the same experimental technique as used for the LPE was applied to a circularly symmetric Corbino geometry [16] .
The results, however, were of purely thermoelectric origin and so unrelated to the physical effects of the LPE discussed in the present work. However, an unexpected anisotropy was discovered in the thermoelectric data that could be attributed to an anisotropic interface morphology induced by the epilayer growth. In the present work, it is shown how this anisotropy also affects the LPE in a Hall-bar geometry.
Experimental configuration
The 2DEG used was formed at a GaAs/AlGaAs heterojunction grown by molecular beam epitaxy (MBE). The structure was grown on top of a (001) GaAs substrate. First a 4 µm GaAs layer was grown, during which the growth temperature was gradually raised from 580
• C to 630 • C. Next was an undoped spacer layer of 20 nm Al 0.33 Ga 0.67 As, followed by a 38 nm Al 0.33 Ga 0.67 As layer, which was n-doped with Si with a concentration of 1.33 × 10 18 cm −3 . The growth was finished with a 17 nm GaAs caplayer to prevent the AlGaAs from oxidizing. The band diagram of the GaAs-AlGaAs part of the system is shown in figure 1(b) .
A laser with a wavelength of 630 nm is focussed on the AlGaAs-side of the heterostructure (see figure 1(b) ). The laser can be scanned across the sample surface, see figure 1(a). The thin GaAs caplayer and the AlGaAs layer are sufficiently transparent to light so that the laserphotons create electronhole pairs on the GaAs side of the heterostructure. The internal band bending near the GaAs/AlGaAs heterojunction will lead to a separation of the electrons and the holes. The electrons will accumulate in the 2DEG whereas the holes will escape into the bulk of the GaAs. The lateral photovoltage can be measured between Ohmic contacts at the perimeter of the 2DEG. The power incident at the sample is of the order of 1 µW, at which the response was previously shown to be in the linear regime [15] . The light is modulated at a frequency near 70 Hz to allow the use of lock-in techniques. All LPE experiments were performed in the open circuit configuration, but currents will still flow in the region where recombination processes take place, see J diff and J recom in figure 1(c). The sample was placed in an optical magnet-cryostat at a temperature of about 1.4 K, in which magnetic fields up to 7 T could be generated. After cooldown, the sample was exposed to white light, which increased the electron density permanently to ∼ 6 × 10 15 m −2 , while the mobility µ was about 50 m 2 /V s −1 .
Interpretation of the lateral photovoltage
For zero magnetic fields, a model has been worked out that takes into account both electrons and holes transport, including the space charge fields caused by the separated electrons and holes and their ambipolar drift [17] . This model is not easily extended to the complicated transport regime of high-mobility 2D electrons in high magnetic fields. Therefore in the present paper the transport is discussed only qualitatively. As usual, the transport will be dominated by the least conductive carriers, which in the present case are the electrons. Although their mobility is much higher than that of the holes, the restriction to the 2D plane limits their conductivity in comparison to the 3D holes. Moreover, whereas the magnetic field has a minor effect on the holes, it profoundly restricts the motion of the electrons. These two phenomena explain why the holes have no noticeable influence on the light-induced transport. Therefore in this work, as in the previous papers [5] [6] [7] , the transport of the holes need not be further considered. For the interpretation of the LPE in high magnetic fields we will adopt the Onsager-Casimir reciprocity theorem. This theorem states that in a four-probe resistance measurement the exchange of the current and voltage probes yields the same resistance, provided that the magnetic field is reversed [18, 19] :
where R ij,kl is the resistance obtained when the current is sent from contact i to j and the potential is measured between k In this discussion the sign is disregarded, so that the polarity of the magnetic field is of no concern. As a consequence, a potential profile of a current carrying Hall-bar would be obtained if the voltage between c and d was measured, while contact b was kept fixed and current contact a was moved across the width of the Hall-bar. A four-probe experiment resembling the configuration of figure 2(a) has been performed before [20] . Rather than having a moving contact, however, several fixed contacts were made inside the Hall-bar (acting as a) [20] . A constant current was sent through the sample from c to d, and the potential was measured between a and b.
In those experiments [20] only measurements as a function of the magnetic field were made, because the number of probes (5) was too low to obtain a potential profile. In our experiment the laserspot acts as the current injecting moveable contact a. In previous work (second paper of [5] ), it was concluded on experimental grounds that the optical charge injection was equivalent to that by an electrical contact reservoir, in equilibrium with the 2DEG. It is outside the scope of the present paper to formally prove that the equivalence still holds in context of the Onsager-Casimir relation. The fourth contact, b is not present at a well-defined position. If recombination occurs near the edges (or in the contacts) the fourth 'contact' is along the edge of the sample. It is known from experiment that images are practically translationally invariant in the long Hall-bar direction. This implies that the contact arrangement is equivalent to that of figure 2(a). The LPE-profiles obtained when scanning the laserspot across the sample width and measuring the potential at the 'current' contacts, c and d, would then correspond to the potential profiles of a current carrying Hall bar.
In the real experiments, the recombination is distributed across the sample. With the spot approaching an edge it will occur between the spot and nearest edge [21] . The distributed recombination will lead to a measured profile that might deviate to some extent from the Hall potential profile. Because the recombination path is not well-known, it is not possible to further substantiate the analysis or quantify the deviation. Therefore, to support the interpretation, we will resort to experimental LPE scans made under conditions for which the potential profiles are well-known. Within the framework of Ohm's law with a homogeneous conductivity and incorporating current continuity, the potential distribution (x, y) in a 2D charge sheet is determined by a Poisson equation:
where σ xx is the diagonal component of the magnetoconductivity tensor σ . For the current carrying Hall bar, one boundary condition is that the current contacts are each at a fixed potential. The magnetic field enters the problem through the condition that the current at an edge is required to be parallel to the edge. Assuming a nonzero σ xx , solutions of (2) were obtained for the configuration shown in figure 2(b). A Hall angle α = arctan σ xy /σ xx ∼ 89 • , is assumed. A large field with σ xy /σ xx 1, classically equivalent to the mobility field product µB 1, leads to an equipotential along the edge. Two numerical solutions of this problem are given in figures 3(a) and (c). The difference between the two is in the connected contacts. In (a) the top and bottom contacts are used as the current injecting contacts, while in (c) two side contacts are used. In figure 3 (a) one can see that the potential distribution is almost an equipotential along the edges of the sample, and there is a singularity at one of the corners of the used contacts.
It is of interest to compare the measured photovoltage linescans with the calculated potential distribution from equation (2) . This comparison was performed for the two configurations in figure 3 . In figure 3 (b) the photovoltage between the top and bottom contacts was measured while the laser was scanned over the dotted line as indicated in figure  3(a) . The calculated potential distribution is nearly linear whereas the experimental distribution is strongly peaked near the edges. For both the experimental and calculated curve the peaks are of opposite signs at opposite edges.
A more significant example is shown in figure 3(d) . Here the LPE-linescan is made well outside the regions where the voltage contacts are located. The remarkable observation is that the signal is peaked at both edges of the sample, the peaks having the same sign. Qualitatively, these features are also present in the potential calculations.
While there is qualitative agreement between the LPElinescans and the calculated potential profiles, quantitatively significant differences exist. The measured LPE-profiles fall off more rapidly than the calculated voltage profiles. An obvious reason for the discrepancies is the assumption of an electrically homogeneous sample in equation (2) . Particularly near the edges the homogeneity is not maintained, whereas the edges are extremely important in the quantum Hall regime. A model was presented by Fontein et al in which charge was allowed to accumulate at the edges [3] . This causes a drop of the potential close to the edge. The resulting potential distribution can be described by
Here I is the total current and R H is the Hall resistance, ξ is the width of the charge accumulation area near the edge, while W is the total width of the sample. This potential distribution, valid for distances larger than ξ from the edge, is more realistic than the one calculated for the homogeneous case. The main difference between the two potential profiles is that the distribution calculated by Fontein et al is peaked near the edge. This is also what was observed in the experiments, see figures 3(b) and (d). It was shown by Böhm et al that the LPE-profiles as in figure 3 (b) could be well-fitted with equation (3) [7] . The present analysis provides an explanation for their observation. In equation (3), ξ is taken at its theoretical, microscopically small, value in the order of 10 nm (magnetic length squared divided by effective Bohr radius). The variation of V (x) within a distance ξ from the edge is neglected and I R H is the parameter to fit experiment and theory [3] . Reasonable order of magnitude values were obtained for this parameter by Böhm et al [7] , but since this magnitude is difficult to interpret, no further fit attempts were made in the present work. A full LPE-image of the sample at a fairly low magnetic field (∼1 T), where the QHE is not yet very well-developed for our conditions, is shown in figure 4(a) . It can be seen that the singularities that are expected from the calculated potential distribution in two opposite corners of the sample, are indeed present in the experiment. Another evidence for the interpretation of the linescans can be derived from magnetic field sweeps with the laser at a fixed position, at such low fields that the quantum oscillations [15] are not yet very significant. In figure 4 (b) two magnetic field sweeps are shown, that were taken with the laser directed at different positions in the sample, as shown in the inset. The magnetic field was swept through zero. Using the reciprocity theorem the present experiment should yield the same result as sending a current from the two end contacts of the Hall-bar sample and measuring the potential between the position of the laser and the edge of the sample. According to this the measured potential corresponds to the (classical) Hall effect, which should be linear as a function of the magnetic field. This is also what is observed in figure 4(b) . The absence of a voltage source implies that the average potential of the sample should remain zero, reason why the Hall (photo)voltage is asymmetric with It is concluded that the interpretation of the LPE linescans in terms of the potential distribution of a current carrying Hall bar not only has a theoretical background but is also substantiated by experimental evidence.
LPE linescans of a quantum Hall bar
As can be seen in figure 4 (a) the LPE-image of the complete sample is approximately translationally invariant in the long direction. The basic information is therefore contained in linescans in the short direction. The position where the linescans were taken, was always far from any contact to ensure that no contact-related effects were present. Linescans in a magnetic field range where the QHE occurs are shown in figure 5 . The dotted lines in (a) and (b) indicate the physical edges of the sample. The rising part of the peak at the outside edge of the sample mesa yields the size of the laserspot. From the edges it is possible to obtain the width of the sample, which is known and serves as a check. One can also obtain the full-width-at-half-maximum (FWHM) from the peaks at the edges. This width represents the width of the potential distribution in a current carrying Hall bar and so also the region where the current flows [3] . In figures 5(a) and (b) linescans are compared which were taken at the same position, but at a different magnetic field. The data represent cases with a minimum and with a maximum FWHM respectively.
In figure 5 (c) an overview is given of the linescans at the same position as a function of the magnetic field. The field range covers both quantum Hall minima with occupation number (number of occupied spin-split Landau levels) ν = 4 and ν = 6. For comparison, the longitudinal conductivity is also plotted in figure 5(d) . It was obtained by converting the resistivities ρ xx and ρ xy measured on the same Hall bar in the standard way into the conductivity using σ xx = ρ xx ρ 2 xx + ρ 2 xy . One remarkable result is that near the conductance minima the width of the peaks changes drastically with magnetic field. Away from the minima the width is nearly constant. The shoulders at the low-field sides of the conductance minima appear when the second subband is populated [16] . At zero magnetic field for an illuminated sample this is expected to occur in our density range of 5-6 × 10 15 m −2 . At high magnetic fields the second subband is only occupied in limited field intervals corresponding to the shoulders.
Apart from the width of the peak the amplitude also contains information. This basically is the same information that can be obtained when keeping the laser at a fixed position and varying the magnetic field as in [15] . A comparison between the two amplitude measurements is shown in figure 6(a) . Qualitatively, the two data sets agree. The differences are attributed to the difficulty of keeping the laserspot on the position of the maximum signal.
A more thorough study of the amplitudes has been presented elsewhere [15] .
A more detailed overview of the width of the peaks in the linescans in figure 5(c) is given in figure 6(b) , where the FWHM of the peaks is given as a function of the magnetic field. When comparing the FWHM with the longitudinal conductance, also plotted in figure 6(b) , a pronounced asymmetry of the linewidth with respect to the conductance minimum is observed. When coming from high magnetic fields the FWHM increases until an even ν is reached near 6.3 T and 4.2 T in figure 6(b) . It then suddenly decreases below the experimental resolution of ∼ 15 µm. The behaviour at a spinsplit minimum for odd ν = 5 near 5 T could not be determined as the minima in the conductance were not developed well enough (see figure 6(b) ). The maximum FWHM in this sample, achieved near ν = 4, was approximately 400 µm. The sample width was 2 mm, so a maximal FWHM of 400 µm indicates it is limited by the dimensions of the sample. The same behaviour of the FWHM was observed at ν = 6 near 4.3 T, although it is less well resolved.
The behaviour of the width of the potential distribution is similar to that observed with AFM-measurements [8, 9] . McCormick et al [8] explain the observed effects in the FWHM of the AFM-scans by the equilibration between the bulk and the edge of the sample. The magnetic field range at which the bulk and edge are not equilibrated, is at the low field side of the quantum Hall minima [22] . A schematic explanation is given in figure 7 . At the low field side of the minimum, the Fermi energy just touches the bottom of the extended states band belonging to the highest occupied Landau level ( figure 7(a) ). The tunnelling distance between the two uppermost occupied Landau levels in the edge and in the bulk is relatively large. The total Hall potential drop occurs almost completely over this insulating strip. Alternatively, in the model of [3] , the insulating strip allows for a line charge build-up near the edges, in the lower-index Landau levels, that leads to a nonlinear, slowly-varying potential distribution. When the Fermi energy coincides with the top of the extended states band of the uppermost Landau level, the tunnelling distance is much smaller, see figure 7 (b). This results in a coupling between edge and bulk and thus a potential drop which is smeared all over the width of the Hall bar. Therefore a FWHM of near a quarter of the sample width will be measured. Since our LPE-profiles should correspond to potential profiles, the explanation for the AFM-data in terms of electrical coupling between bulk and edge, would apply as well. Note, however, that the present samples are at least two orders of magnitude larger than the AFM samples. The decaying potential profiles in the two experiments are also very different: microns versus hundreds of microns. The two experiments obviously measure different aspects of the edge-bulk equilibration. The size of the samples apparently determines which of the effects dominates: sharp potential drop across the insulating strip or slow potential decay to a line charge. It is known that the 2DEG in a GaAs-AlGaAs heterojunction grown by MBE in a (100)-plane has anisotropic transport properties for the two main crystallographic directions [011] and [011] . The anisotropy can be observed as the formation of mounds that are elongated in the [011] direction. This is due to a faster growth rate along the As dangling bonds [23] . A second explanation is the reduced surface mobility of the Al atoms [24] . Recently this anisotropy was observed using AFM-measurements and related to electron density modulations in the underlying 2DEG [25] as well as with transport anisotropies [26] . The anisotropy is very prominent in the experiments in which a Corbino sample is imaged [16] . Therefore, it is of interest to investigate the LPE linescans in Hall bars made in the two crystallographic directions. Indeed, an anisotropy is also present in the FWHM of the linescans in two Hall bars oriented in those directions, see figure 8 . The difference occurs at the low field side of the quantum Hall minimum, where the potential drop occurs in a narrow strip near the edge. The 
Imaging the potential distribution
Instead of the one-dimensional linescans, a two-dimensional image of the potential landscape can also be obtained. This is especially interesting in regions that lack translational invariance such as the corners of the sample. As the FWHM of the linescans are at least in the microns range or much larger, it is also important to study constrictions with sizes below the typical FWHM. In figures 9(a) and (b), two images are shown of the potential distribution in a 2 mm wide Hall bar sample. The image in (a) was taken at a magnetic field of 6.10 T where the linescans show a signal only in an extremely narrow region close to the edge, see also figure 9(c). The other image, figure 9(b) , was taken at 6.40 T where the signal was observed all over the sample. In both images the sample edges are well distinguishable. Also observable are the singularities in the top right and the bottom left corner. The vague structure that is observed in the bottom left of the long side of the Hall bar, is most probably caused by the presence of dirt particles on the sample. In both the images of figure 9 the differences in potential distribution expected for a current carrying Hall bar can be observed very nicely.
Higher resolution images of the singularities are shown in figures 9(d) and (e). In figure 9 (d) the image is shown of the singularity at 6.10 T, when the linescans show an extremely small FWHM. It can be seen that the singularity consists of a black and white line that come together at one point. This is an extreme case of the expected occurrence of a singularity in the potential in two opposite corners of the sample. There hardly is any spreading of the potential lines into the sample. This is in sharp contrast to the image taken at 6.40 T, see figure 9 (e), where the division between high and low potential seems to be continuing in the bulk of the sample. Images were also made from one of the side contacts, see figure 10 , which is separated from the Hall bar by a constriction with smallest dimension of 20 µm. In figures 10(a) and (b) images are shown of a side contact while the potential was measured between the top and bottom contacts, see figure 10 (e). The part of the contact that can be seen is the part that is not metallized and contains a 2DEG. When the magnetic field has a value of 6.10 T, see figure  10 (a), the narrow potential profile continues inside the contact where also a narrow structure is observed. The amplitude of the structure is much less than the amplitude in the main body of the Hall bar. This indicates that the potential profiles are not much smaller than the resolution limit of 15 µm. In figure 10 (b) the magnetic field of 6.40 T resulted in an extremely wide structure. Only a faint image of the contact is visible now.
In figures 10(a) and (c) the potential was measured between two side contacts, one of which was the contact that was imaged. Comparing figures 10(a) and (c), it can be noted that the sharpness of the lines does not depend on the contactset chosen for the measurement. The different sign behaviour of the signals in figures 10(a) and (c) is in good agreement with that expected for the potential profiles. In figure 10 (a) the entire imaged structure is along the same edge connecting the measuring contacts (1 and 2). Consequently the signal does not change sign. In figure 10 (c) the imaged structure is along different edges connecting the measuring contacts (3 and 4) and therefore the structure displays two different signal signs. As the resolution of the imaging technique was ∼15 µm the structure of the potential distribution inside the orifice could not be examined in more detail.
The data in figure 10 are qualitatively in agreement with the potential profile interpretation, in particular, the signbehaviour between the upper two and lower two panels is significant. On the other hand, an ideal potential profile should not show the intensity contrast between the bulk Hall bar and contact pad, in contrast to the data of e.g. figure 10 (a). The discrepancy is presumably related to the distributed character of the current drain contact, which becomes prominent if the current has to pass a constriction. Intuitively, the contrast difference when the constriction width is smaller than the potential decay length should not be surprising.
Conclusion
It was shown that based on theoretical arguments, the reciprocity theorem, LPE-linescans can be explained by means of the potential profile of a current carrying Hall bar. The arguments were augmented by experimental data under conditions where the potential profile was known. This interpretation was then used to explain the width of the LPE-linescans. This width shows an abrupt change at even integer filling factors. This was shown to be a result of the equilibration between the bulk and the edge of the 2DEG. These results are in agreement with literature data obtained from samples that were two orders of magnitude smaller, using an AFM-measurement technique. The effects of the change in width were shown in several images made of different parts of the sample.
